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Abstract

N-type calcium channels (CaV2.2) are predominantly localized in presynaptic terminals, and are particularly important for
pain transmission in the spinal cord. Furthermore, they have multiple isoforms, conferred by alternatively spliced or
cassette exons, which are differentially expressed. Here, we have examined alternatively spliced exon47 variants that
encode a long or short C-terminus in human CaV2.2. In the Ensembl database, all short exon47-containing transcripts were
associated with the absence of exon18a, therefore, we also examined the effect of inclusion or absence of exon18a,
combinatorially with the exon47 splice variants. We found that long exon47, only in the additional presence of exon18a,
results in CaV2.2 currents that have a 3.6-fold greater maximum conductance than the other three combinations. In
contrast, cell-surface expression of CaV2.2 in both tsA-201 cells and hippocampal neurons is increased ∼4-fold by long
exon47, relative to short exon47, in either the presence or the absence of exon18a. This surprising discrepancy between
trafficking and function indicates that cell-surface expression is enhanced by long exon47, independently of exon18a.
However, in the presence of long exon47, exon18a mediates an additional permissive effect on CaV2.2 gating. We also
investigated the single-nucleotide polymorphism in exon47 that has been linked to schizophrenia and Parkinson’s disease,
which we found is only non-synonymous in the short exon47 C-terminal isoform, resulting in two minor alleles. This study
highlights the importance of investigating the combinatorial effects of exon inclusion, rather than each in isolation, in
order to increase our understanding of calcium channel function.
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Introduction

Synaptic transmission in the central and peripheral nervous
system is dependent on voltage-gated calcium (CaV) channels
that provide Ca2+ for vesicular release from presynaptic ter-
minals. The particular channels involved are predominantly
CaV2.1 and CaV2.2.1,2 These channels are associated with aux-
iliary α2δ and β subunits, which optimize their trafficking and
function.3–6

CACNA1A, the gene encoding CaV2.1, is associated with mul-
tiple genetic disorders;7,8 in contrast, there are very few identi-
fied human or animal pathological variants of CACNA1B, encod-
ing CaV2.2, which underlies N-type CaV channels.9–11 Neverthe-
less, CaV2.2 knockout mice are associated with altered pain
sensation and other phenotypes.12 These channels are partic-
ularly important for neurotransmission at primary afferents,
including nociceptor terminals,13,14 and also in the sympa-
thetic nervous system.15 A human variant in CACNA1B was
linked to myoclonus–dystonia syndrome, although this was
then disputed.10,11 A recent study identified novel risk loci in
a genome-wide association (GWAS) analysis of Parkinson’s dis-
ease and schizophrenia, including a single-nucleotide polymor-
phism (SNP), Rs2278973, in CACNA1B.16 However, upon analy-
sis, we identified that this SNP was only non-synonymous in
an alternatively spliced exon47, which encodes a shorter C-
terminal sequence than long exon47 (Figure 1A and B). The pre-
dominant residue at this SNP is arginine (Arg), and the two
minor SNPs encode leucine (Leu) and histidine (His) (Suppleme
ntary Figure S1).

We further noted from a BLAST search (NCBI, Ensembl17) of
the short exon47 splice variant that all reported human CaV2.2
sequences containing this short exon47 variant were also asso-
ciated with absence of cassette exon18a (Figure 1C), whereas
exon18a appeared to undergo alternative splicing in the CaV2.2
variant with the long C terminus.

It has previously been reported that the inclusion of exon18a,
which encodes a 21 amino acid sequence in the intracellular
linker connecting domains II and III of CaV2.2, resulted in 2-fold
increase in CaV2.2/β3 currents, when these channel combina-
tions were expressed in a cell line.18 The mechanism control-
ling insertion of exon18a was found to involve the RNA bind-
ing protein Rbfox2, which suppressed exon18a inclusion.18 In
further support of the effect of exon18a inclusion, ω-conotoxin
GVIA-sensitive N-type CaV currents were larger in sympathetic
neurons from mice engineered to express exon18a, compared to
those not expressing it.18

In the present study, we first examined the effect of inclu-
sion of the long or short exon47 variants on CaV2.2 expression,

function, and trafficking. Since our analysis suggests there is
differential expression of exon18a associated with the exon47-
containing isoforms, we also examined effect of the inclusion or
absence of exon18a combinatorially with the two exon47 splice
variants. We then determined whether there was any effect of
the SNPs in short exon47 of CACNA1B.16

Our results reveal a surprising discrepancy between CaV2.2
trafficking and function. We show that CaV2.2 containing the
long exon47, in conjunction with exon18a, supports a large
increase in CaV2.2 current amplitude, whereas long exon47
mediates an increase in CaV2.2 trafficking in tsA-201 cells and
hippocampal neurons, irrespective of the presence or absence
of exon18a.

Methods

Cell Culture

tsA-201 cells: The tsA-201 cells (European Collection of Cell Cul-
tures, female sex) were plated onto cell culture flasks or cover-
slips coated in poly-l-lysine, and cultured in Dulbecco’s Modi-
fied Eagle Medium supplemented with fetal bovine serum (5%),
penicillin–streptomycin (1%), and GlutaMAX (Thermo Fisher Sci-
entific, 1%), in a 5% CO2 incubator at 37◦C.

Hippocampal neurons: Tissue was obtained from P0/P1 rat
pups (Sprague–Dawley, both sexes). All experiments were per-
formed in accordance with the UK Home Office Animals (Sci-
entific procedures) Act 1986, with UCL ethical approval. Briefly,
hippocampi were dissected, chopped into small pieces, and
treated for 40 min at 37◦C with a papain solution contain-
ing 7 units/mL of papain, 0.2 mg/mL l-cysteine, 0.2 mg/mL
bovine serum albumin (BSA), 1000 units/mL DNase-1, and
5 mg/mL glucose (all from Sigma Aldrich) in Hank’s basal salt
solution medium (Thermo Fisher Scientific). Hippocampi were
then washed with inactivation medium [Minimum Essential
Medium (MEM); Thermo Fisher Scientific, 5% FBS, 0.38% glucose,
0.25% BSA] and mechanically dissociated in serum medium
(MEM, 5% FBS, 1.38% glucose). After centrifugation at 1000 x
g for 10 min, cells were resuspended in serum medium and
seeded onto coverslips precoated with poly-d-lysine hydrobro-
mide (Sigma; 50 μg/mL). One hour later, cells were covered
with serum-free neuronal plating medium comprising Neu-
robasal Medium, supplemented with B27 (2%) and GlutaMAX
(1%) (all from Thermo Fisher Scientific). Neurons were kept in
a 5% CO2 incubator at 37◦C and half the medium was replaced
every 3-4 days. At 7 days in vitro and 2 h before transfection,
half of the medium was removed, and fresh medium was
added.
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Figure 1. Organization of alternate exon47 and cassette exon18a in human CaV2.2. (A) Schematic diagram of CaV2.2 showing the GFP tag on the N terminus and the

HA tag in the second extracellular loop of domain II. The position of alternatively spliced exon18a is shown in the II-III loop, and alternatively spliced exon47, giving
rise to the variant with the long C terminus or short C terminus is shown as the final exon at the end of the C terminus. (B) An alternative splice site within exon47
leads to a frameshift, resulting in an alternatively spliced variant (labeled C-short, red). Long exon47 is shown in blue (C-long). Amino acid sequences at the beginning

and end of the exons are indicated below. The full DNA sequence, together with translations for the long and short variants, is shown in Supplementary Figure S1. (C)
Constitutively spliced exons 18 and 19 are shown in black. Amino acid sequences at the start and end of these exons are shown below. Alternatively spliced exon18a is
shown in pink, with the additional 21 amino acids indicated below. In the absence of exon18a, exon 19 begins with an R, which is missing in the presence of exon18a.

Expression Constructs and Mutagenesis

The following expression constructs were used: human CaV2.2
[huCaV2.2 (pSAD442-1) was a gift from Diane Lipscombe
(Addgene plasmid #62574; http://n2t.net/addgene:62574;
RRID:Addgene 62574)], from which were derived GFP CaV2.2-
HA-C-long, GFP CaV2.2-HA-C-short-Arg, GFP CaV2.2-HA-
C-long(�exon18a), GFP CaV2.2-HA-C-short(�exon18a),
GFP CaV2.2-HA-C-short-Leu, and GFP CaV2.2-HA-C-short-
His. Other constructs used were β1b (rat, X61394),19 α2δ-1 (rat,
M86621), and the transfection markers, mCherry 20 and CD8 21

where stated. A double-HA tag was added to an extracellular
loop in domain II of the human CaV2.2 in the same position
as used previously in the rabbit CaV2.2 (Cassidy, Ferron et al.
2014) and GFP was added to the N-terminus. All the constructs
were verified by Sanger sequencing (Source Bioscience) and
have been submitted to Addgene. All cDNAs were used in either
pcDNA3 vector for expression in tsA-201 cells or pCAGGS for
hippocampal neurons.

Antibodies

An anti-hemagglutinin (HA, rat, Sigma Aldrich) was used
as primary antibody. For immunoblotting, secondary Goat
Anti-Rat Horseradish Peroxidase (HRP; BioRad) was used.
For immunocytochemistry, secondary Anti-Rat Alexa
Fluor 594 and Anti-Rat Alexa Fluor 647 antibodies (1:500,
Life Technologies) were used to visualize the HA-tagged
channels.

Cell Transfections

tsA-201 cells: The tsA-201 cells were transfected with PolyJet in a
3:1 ratio with DNA mix, according to the manufacturer’s proto-
col. Following incubation overnight at 37◦C, culture medium was
changed. The transfection mix consisted of plasmids containing
cDNAs encoding each of the GFP CaV2.2-HA variants, β1b, and
α2δ-1 in a ratio of 3:2:2. For electrophysiological experiments,
CD8 was used as a transfection marker (ratio 3:2:2:1).

Hippocampal neurons: The transfection mix consisted of plas-
mids containing cDNAs encoding the GFP CaV2.2-HA variants,
β1b, α2δ-1, and mCherry in a ratio of 3:2:2:0.3. Neurons were
transfected with Lipofectamine 2000 (Life Technology), accord-
ing to the manufacturer’s protocol with 1 μL Lipofectamine and
2 μL DNA mix per sample.

Electrophysiology

CaV2.2 currents in transfected tsA-201 cells were investigated
by whole cell patch clamp recording. The patch pipette solution
contained in mm: Cs-aspartate, 140; EGTA, 5; MgCl2, 2; CaCl2, 0.1;
K2ATP, 2; HEPES, 10; pH 7.2, 310 mOsm with sucrose. The external
solution for recording Ba2+ currents contained in mm: tetraethy-
lammonium (TEA) Br, 160; KCl, 3; NaHCO3, 1.0; MgCl2, 1.0; HEPES,
10; glucose, 4; BaCl2, 1, pH 7.4, 320 mosM with sucrose. One mil-
limolar extracellular Ba2+ was the charge carrier. Pipettes of
resistance 2–4 M� were used. An Axopatch 1D or Axon 200B
amplifier was used, and whole cell voltage-clamp recordings
were sampled at 10 kHz frequency, filtered at 2 kHz, and digitized
at 1 kHz; 70%-80% series resistance compensation was applied
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and all recorded currents were leak-subtracted using P/8 proto-
col. Analysis was performed using Pclamp 9 (Molecular Devices)
and Origin 7 (Microcal Origin, Northampton, MA, USA). To obtain
the maximum conductance (Gmax), current–voltage (IV) relation-
ships were fitted by a modified Boltzmann equation as follows:
I = Gmax∗(V − Vrev)/(1 + exp(−(V − V50, act)/k)), where I is the cur-
rent density (in pA/pF), Gmax is in nS/pF, Vrev is the apparent
reversal potential, V50, act is the midpoint voltage for current acti-
vation, and k is the slope factor.

Immunoblotting

Immunoblotting was carried out on tsA-201 cells expressing the
cDNAs as described. At 48 h after transfection, cells were rinsed
with phosphate buffered saline (PBS, pH 7.4), scraped into cold
PBS, and centrifuged at 1000 × g at 4◦C for 10 min. Cell pellets
were homogenized in PBS containing 1% Igepal, 0.1% SDS and
protease inhibitors (PI, cOmplete, Sigma Aldrich), pH 7.4, and
then incubated on ice for 30 min to allow cell lysis. Whole cell
lysates (WCLs) were centrifuged at 20 000 × g for 25 min at 4◦C
and supernatants were assayed for total protein (Bradford assay,
BioRad). Aliquots of WCL (30 μg total protein, per sample) were
diluted with 2× Laemmli buffer supplemented with 100 mm
dithiothreitol and incubated at 60◦C for 10 min.22 Samples were
resolved by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) on 3%-8% Tris–Acetate gels (Thermo
Fisher Scientific) and transferred to polyvinylidene fluoride
membranes (BioRad). Membranes were blocked with 3% BSA,
0.5% Igepal in Tris-buffered saline (TBS, pH 7.4) for 30 min at
room temperature and then incubated overnight at 4◦C with
anti-HA (rat, 1:1000 dilution, Sigma Aldrich) antibody in TBS con-
taining 10% goat serum, 3% BSA, and 0.02% Igepal (pH 7.4). After
washing in TBS containing 0.5% Igepal, membranes were incu-
bated with the secondary antibody, Goat Anti-Rat HRP (1:2000
dilution, BioRad) for 1 h at room temperature. The signal was
obtained using the enhanced chemiluminescence (ECL) 2 assay
(Thermo Scientific) and membranes were scanned on a Typhoon
9410 phosphorimager (GE Healthcare).

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde in PBS for 5 min,
incubated with blocking buffer (20% goat serum, 4% BSA in PBS)
for 1 h at room temperature before being incubated with rat
anti-HA (Roche) diluted either 1:250 (tsA-201cells) or 1:100 (hip-
pocampal neurons) in 0.5× blocking buffer for 1 h at room tem-
perature (tsA-201 cells) or at 4◦C overnight (hippocampal neu-
rons). After washing, samples were incubated with secondary
antibodies, anti-rat Alexa Fluor 594 (tsA cells) or anti-rat Alexa
Fluor 647 (hippocampal neurons) at a dilution of 1:500 for 1 h
at room temperature. Coverslips were washed, stained with
0.5 μm 4′,6′-diamidino-2-phenylindole (DAPI), and mounted in
VectaShield (Vector Laboratories). Imaging was performed on
Zeiss LSM 780 confocal microscope.

Image Analysis

The tsA-201 cell images were obtained using a 63× objective
at a resolution of 1024 × 1024 pixels and an optical section
of 0.5 μm. After choosing a region of interest containing trans-
fected cells, the 3 × 3 tile function of the microscope was used
to allow a larger area to be selected without bias. Images were
then analyzed using Fiji. Every transfected cell was included.
Surface labeling (HA staining) was measured using a freehand

line tool of 5 pixels (0.65 μm) width and manually tracing the
surface of the cells. Intracellular GFP staining was measured by
drawing around the cell (omitting the nucleus and the plasma
membrane). The value of the mean pixel intensity in different
channels was measured separately and background was sub-
tracted by measuring the intensity of an imaged area without
transfected cells.

Hippocampal neurons were imaged using a 20× objective
with a 5-μm optical section. The fluorescence intensity along
neuronal projections was assessed as follows: 2 concentric cir-
cles of 100 μm and 150 μm diameter were drawn around each
neuronal cell body. A freehand line tool of 3 μm width tracing
was used to draw, between the circles, the neuronal dendrites (3
to 5 averaged per neuron) and axons (one per neuron, identified
by smooth morphology, lack of branching, and narrow diame-
ter) in the mCherry images, which was then used as template
for GFP and HA images (Supplementary Figure S2).

Hippocampal somata were imaged at 63× objective with a
1-μm optical section. For each neuron selected as positive for
mCherry, immunofluorescence (HA and GFP) was measured by
two ROIs, one ROI manually traced around the cell body, using
a freehand line tool (0.4 μm width) to analyze the cell-surface
staining and another ROI drawn between the cell surface and the
nucleus to determine the intracellular staining. Total staining
was calculated per each cell combining the 2 ROIs. The mean
pixel intensity in the different channels were measured and the
background was subtracted from each image.

Data Analysis and Statistics

Quantitative data are presented by GraphPad Prism 8 soft-
ware (v8.0.0; GraphPad Software, Inc.) or Origin-Pro 2021 as the
mean ± standard error of the mean (SEM) and individual data
points as described. Statistical significances were determined by
either one-way analysis of variance (ANOVA) followed by Šidák’s
post hoc test for multiple comparisons or two-way ANOVA, fol-
lowed by Bonferroni’s post hoc test for multiple comparisons, as
stated.

Results

In this study, we have used human CaV2.2 containing the
following alternatively spliced exons: +exon 10a, +exon18a,
�exon24a, +exon31a, +exon37b, and + long exon47.10 We added
an extracellular HA tag (2 HA sequences separated by a Gly
residue) in an extracellular linker of domain II, in the corre-
sponding position to that in the rabbit CaV2.2 we have used pre-
viously,6 and a GFP tag to the N terminus23,24 (Figure 1A), to
form GFP CaV2.2-HA-C-long. It contains the alternatively spliced
21 amino acid exon18a in the II-III linker (Figure 1C). We used
this construct to generate GFP CaV2.2-HA-C-short, which uses
an alternative splice site part-way through exon47 (Supplement
ary Figure S1). This creates a frame-shift, resulting in an alter-
native, shorter C terminus (Figure 1B). The sequence for exon18a
was then deleted from both these constructs to give GFP CaV2.2-
HA-C-long-�exon18a and GFP CaV2.2-HA-C-short-�exon18a.

The Combination of C-terminal Long Exon47 Together
With Exon18a in the II-III Linker Results in an Increase
in CaV2.2 Currents

We next examined the currents generated by the GFP CaV2.2-
HA constructs expressed in tsA-201 cells, together with β1b and
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Figure 2. Long exon47 increases CaV2.2 currents, only in the presence of exon18a. (A) Example of whole-cell patch-clamp recordings for human GFP Cav2.2-HA having
the long (C-long) or short (C-short) variant of exon47 in the presence (+18a) or absence (�18a) of alternatively spliced exon18a. All conditions are in the presence of

α2δ-1 and β1b. Holding potential −80 mV, steps between −50 and +60 mV for 50 ms (applies to all traces). (B) Mean (± SEM) IV relationships for the conditions shown
in (A). GFP CaV2.2-HA, C-long + 18a (n = 30, blue solid circles), C-long �18a (n = 23, blue open circles), C-short + 18a (n = 18, red solid circles), and C-short �18a (n = 26,
red open circles). The individual and mean data were fit with a modified Boltzmann equation (see the section “Methods”). The potential for half-maximal activation
(V50, act) (mV) was −6.07 ± 0.76, −7.51 ± 0.71, −4.1 ± 0.73, and −5.13 ± 1.04 for C-long + 18a, C-long �18a, C-short + 18a, and C-short �18a, respectively. (C) Gmax (nS/pF)

from the IV relationships shown in (B). Individual data (same symbols as in B) and mean ± SEM are plotted. Statistical significance was determined using 2-way
ANOVA followed by Bonferroni’s post hoc test for multiple comparisons. ∗∗∗∗P < 0.0001, ns: non-significant (for source of variation and interactions between groups,
see Supplementary Data S1).

α2δ-1 subunits. For GFP CaV2.2-HA-C-long, the additional pres-
ence of exon18a resulted in a ∼3.6-fold increase of the maxi-
mum conductance (Gmax), compared to the absence of exon18a
(Figure 2A-C). Surprisingly, for GFP CaV2.2-HA-C-short (contain-
ing short exon47), the inclusion of exon18a produced no increase
in calcium currents (Figure 2A-C), which were of very sim-
ilar magnitude to those produced by GFP CaV2.2-HA-C-long-
�exon18a (see Supplementary Data S1 for 2-way ANOVA analy-
sis of the source of variation, which shows a significant interac-
tion between the presence or absence of exon18a and the pres-
ence of long versus short exon47).

The Presence of C-terminal Long Exon47 is Important
for Cell-surface Expression of CaV2.2

In order to determine whether the marked increase in CaV2.2
current amplitude observed for the long exon47 variant of
CaV2.2, in conjunction with the presence of exon18a, was due
to an increase in cell-surface expression for this exon combina-
tion, we next expressed the GFP CaV2.2-HA constructs, together
with β1b and α2δ-1 subunits, in tsA-201 cells and used con-
focal microscopy to visualize expression of the GFP CaV2.2-
HA subunit at the cell surface. Transfected cells were identi-
fied by expression of the GFP tag on GFP CaV2.2-HA. CaV2.2
on the plasma membrane was measured by anti-HA antibody

binding to the extracellular HA tag of GFP CaV2.2-HA, in non-
permeabilized conditions. We found that cell-surface expression
of the GFP CaV2.2-HA-C-long (+exon18a) variant was increased
by 4.5-fold compared with GFP CaV2.2-HA-C-short (+exon18a)
(Figure 3A and Bi). However, in contrast to the calcium current
measurements (Figure 2), deletion of exon18a had no significant
effect on HA expression at the plasma membrane for either the
C-long or C-short CaV2.2 variants. Cell-surface expression of the
GFP CaV2.2-HA-C-long (�exon18a) variant was still increased
by 3.2-fold compared with GFP CaV2.2-HA-C-short (�exon18a)
(Figure 3A and Bi).

There was a smaller increase in intracellular GFP CaV2.2-HA,
as determined by GFP signal, associated with the presence of C-
long exon47, compared to C-short exon47 (1.7-fold in the pres-
ence of exon18a and 1.2-fold in its absence) (Figure 3A and Bii).
From the ratio of cell-surface/intracellular expression of the four
CaV2.2 variants, there was only a significant effect of the long
exon47 to increase trafficking to the cell surface, and no effect
of exon18a (Figure 3Biii).

These results suggest that the presence or absence of
exon18a does not affect cell-surface expression or trafficking
of GFP CaV2.2-HA in tsA-201 cells but that trafficking to the
plasma membrane is highly influenced by the presence of the
long exon47 variant in the C-terminus. This is borne out by 2-
way ANOVA analysis of the source of variation, showing there
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